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SAP18, a highly evolutionarily conserved protein, has been proposed to be involved in multiple cel-
lular processes, from gene regulation to mRNA processing. To gain further insight into the role of
SAP18, we performed genome-wide expression proﬁling of dsap18mutant Drosophila melanogaster
embryos and we found that dSAP18 is required for the expression of immune and stress related
genes. We show that dSAP18 colocalizes with histone H3 phosphorylation, which has been impli-
cated in the regulation of genes in response to signaling stimuli. dsap18mutant larvae develop mel-
anotic tumors after heat shock and the viability of dsap18 mutant ﬂies is reduced after fungal
infection or in high-salt medium. Altogether, our results indicate that dSAP18 is a key player in tran-
scriptional responses to stress.
Structured summary:
dSAP18 and H3 colocalize: shown by ﬂuorescence microscopy (view interaction)
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
SAP18 is a highly evolutionarily conserved protein found in all
eukaryotic organisms from Saccharomycces cerevisiae to humans
[1–3]. SAP18 was initially identiﬁed in mammals as a component
of the Sin3-HDAC co-repressor complex [3], suggesting a contri-
bution to transcriptional regulation. Consistent with this hypoth-
esis, SAP18 was found to modulate Gli-mediated transcription,
affecting hedgehog signaling in mammals [4], and to contribute
to bicoid activity [5], kruppel-dependent transcriptional repres-
sion [6] and homeotic gene regulation in Drosophila melanogaster
[1,7]. SAP18, however, also seems to be involved in several other
cellular functions. In D. melanogaster, SAP18 has been shown to
interact with Pinin, a protein involved in RNA splicing [8] and
in mammals, a second SAP18-containing multiprotein complex
(ASAP) was reported that is involved in RNA processing and apop-
tosis [9]. In S. cerevisiae, SAP18/Atg16p forms part of a protein
complex essential for autophagy [2] and in Arabidopsis thaliana,chemical Societies. Published by E
s).
ientiﬁcotècnics Universitat de
0, 08028 Barcelona, Spain.SAP18 has been reported to be involved in the regulation of salt
stress responses [10]. Finally, in a recent work on the analysis
of HIV-1 mechanisms of replication, the participation of the
SAP18-HDAC complex in host-virus interactions has been
suggested [11].
Living organisms are continuously exposed to a myriad of
internal and external stimuli and have evolved several mecha-
nisms to respond to them. The innate immune response trig-
gered by pathogen infection elicits diverse humoral and
cellular responses that has been shown to be well-conserved
during evolution [12]. In Drosophila, humoral immune responses
include a large set of inducible effector molecules, such as anti-
microbial peptides (AMPs) and stress response proteins, the pro-
duction of reactive oxygen species and enzymatic cascades that
regulate coagulation and melanization of hemolymph. Cellular
responses include phagocytosis, nodulation and encapsulation.
Innate immune responses are regulated by evolutionary
conserved signaling cascades, the Toll, Imd, JAK-STAT and JNK
pathways [13–15].
In this study we have performed genome-wide expression pro-
ﬁling assays in dsap18 mutant D. melanogaster embryos to further
characterize the role of this protein. Our data show that dSAP18
regulates the expression of several immune and stress related
genes and dsap18 mutant animals are hypersensitive to different
environmental stresses.lsevier B.V. All rights reserved.
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2.1. D. melanogaster strains, immunoﬂuorescence, RT-PCR and
microarray analyses as well as statistics
See in Supplementary materials and methods.
2.2. Stress experiments
Heat shock: Third-instar wandering larvae were placed at 37 C
for 45 minutes and were allowed to recover at 25 C for 6 hours to
analyze melanotic tumor apparition or the times indicated to
analyze hsp70 mRNA expression. Heat shock experiments were
repeated three times.
Infection assays: Adult CO2-anaesthetized D. melanogaster
females aged 3 days at 25 C were pricked in the thorax with a nee-
dle previously dipped into a concentrated culture of Escherichia coli
or Micrococcus luteus. Overnight bacterial cultures were pelleted
and resuspended in one-tenth of the original volume prior to infec-
tion experiments. For fungal infection experiments a suspension of
Aspergillus fumigatus spores was used. Control assays were per-
formed by pricking ﬂies of the different backgrounds with a steril-
ized needle. Alive ﬂies were counted daily.
Osmotic stress: Embryos from the cross of dsap18HA/Cyo;
dsap18117/TM6b and Df(3R)sbd45/TM6b stocks were grown on med-
ium containing 0.2 M NaCl. Genotypes were scored on eclosion.
3. Results and discussion
3.1. Whole genome expression proﬁle of dsap18 mutant ﬂies
To analyze the contribution of dSAP18 to transcriptional regula-
tion, expression proﬁling analysis were performed. We ﬁrst com-
pared whole genome expression proﬁles in embryos of the dsap18
null mutant allele dsap18117/Df(3R)sbd45 with wild-type embryos
(data not shown). However, too many differences in gene expres-
sion were obtained, likely due to the heterozygote mutant back-Response to
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Fig. 1. dSAP18 target genes are involved in response to stimuli. GO classiﬁcation of
signiﬁcantly over-represented. The fold enrichment of the GO term and the associated Fground for the 25 genes uncovered by the Df(3R)sbd45. Therefore,
to analyze changes in gene expression related only to the absence
of dSAP18, we compared whole genome expression proﬁles in em-
bryos of the dsap18 mutant allele dsap18117/Df(3R)sbd45 with those
from a rescued mutant allele that contains a dsap18-HA transgene
in the dsap18117/Df(3R)sbd45 mutant background (see Supplemen-
tary materials and methods). We obtained a list of genes showing
greater than 1.5-fold changes in expression (File S1).
Gene Ontology (GO) classiﬁcation of differentially expressed
genes in dsap18mutants revealed a signiﬁcant enrichment in genes
that respond to environmental stimuli (Fig. 1). Many of the down-
regulated genes are involved in ‘‘immune response’’ (Files S1 and
S2). They included components of the humoral response, such as
the AMP Drosomycin (Drs), members of the Immune induced mol-
ecule gene family (IMs) and genes encoding peptidoglycan-recog-
nition proteins (PGRP-SC1a and b). For some of these genes we
conﬁrmed their change of expression by performing RT-PCR (data
not shown). Other potential targets revealed in this assay include
components of the immune cellular response associated with mel-
anization/coagulation and recognition/phagocytosis processes;
some of these genes were downregulated in dsap18 mutants while
others were upregulated (File S1). In addition, genes involved in re-
sponse to several stresses, such as temperature, oxidative stress or
DNA damage, were found to be upregulated in dsap18 mutants
(File S1). Among them, transcripts of hsp70 genes were found to
be upregulated in dsap18 mutant embryos, as well as transcripts
of other hsp genes such as hsp22 and hsp23. On the whole, the
GO term ‘‘response to stress’’ was found to be 4 times enriched
in the list of down and upregulated genes (Fig. 1). Therefore,
dsap18 mutants show changes in gene expression of several im-
mune and stress involved genes.
3.2. dSAP18 protein associates with active regions on polytene
chromosomes
We have previously shown that dSAP18 is a nuclear protein
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Fig. 2. dSAP18 localizes to active chromatin domains. (A) The pattern of immunolocalization of dSAP18 (in red) and DAPI (in blue) in polytene chromosomes is presented. (B)
The extent of colocalization of dSAP18 (in red) and H3S10 phosphorylation (in green) is determined.
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ous studies have found SAP18 capable of modulating transcrip-
tion when tethered directly to a promoter region [3]. We show
here that in polytene chromosomes, dSAP18 localization is re-
stricted to interbands (Fig. 2A), which correspond to gene-rich
regions that stain poorly with DAPI. A strong localization is seen
in developmental and ecdysone-induced puffs (Fig. 2A), sites that
are known to contain actively transcribing loci [16]. Moreover,
dSAP18 shows a strong colocalization with phosphorylation of
serine 10 residue of histone H3 (Fig. 2B), which has been impli-
cated in the transcription of genes that are activated in response
to signaling stimuli [17]. Mechanistic analysis placed the phos-
phorylation event subsequent to transcription initiation but prior
to productive elongation. We have also found colocalization of
dSAP18 with the RNApolII phosphorylated at Ser2, a modiﬁcation
involved in elongation of transcription, but to a lesser extent
than the colocalization obtained with the phosphorylation of
H3S10 (data not shown). Thus, these results suggest a direct
contribution of dSAP18 to the initial steps of transcriptional
regulation.
3.3. dSAP18 modulates heat shock gene expression
We have found here that transcripts of several heat shock genes
were upregulated in dsap18 mutant embryos (see above, Section
3.1 and File S1). To characterize the participation of dSAP18 in
the heat shock response, we monitored the abundance of hsp70transcripts before and after a 37 C heat shock in third-instar D.
melanogaster larvae. As shown in Fig. 3A, dsap18 mutant larvae ex-
press the hsp70 gene at signiﬁcant higher rates than control larvae
(20-fold P < 0.0001, Fig. 3A, t = 00). Following the heat shock treat-
ment, a clear induction of hsp70 transcription was observed both,
in control and mutant larvae and levels of hsp70were largely wild-
type in the dsap18 mutant background (1.5-fold P < 0.001, Fig. 3A,
t = 450). After 3 h of recovery, downregulation of hsp70 transcrip-
tion was observed both in control and mutant larvae (Fig. 3A,
t = 1 h 450 and t = 3 h 450). This experiment was repeated three
times providing similar results: a clear induction (>10-fold) of
hsp70 transcription in the absence of dSAP18 in basal conditions
and small differences after the heat treatment.
Activation of hsp70 expression in dsap18 mutants under nonin-
duced conditions is consistent with the previously reported role
of SAP18 in transcriptional repression by association with the
Sin3-HDAC co-repressor complex [3,5,6]. Our previous studies
demonstrated the interaction between dSAP18 and GAGA [1], a
transcription factor involved in hsp70 gene regulation [18], and it
is tempting to speculate that this interaction could account for
the tethering of dSAP18 to the hsp70 promoter region in basal
conditions.
Furthermore, third-instar dsap18 mutant larvae submitted to a
37 C heat shock developed melanotic tumors with 10-fold more
frequency than control larvae (Fig. 3B). Together, these observa-
tions suggest that dSAP18 modulates the D. melanogaster heat






























































Fig. 3. dSAP18 modulates heat shock gene expression. (A) The graph shows hsp70 mRNA levels along time measured by RT-qPCR and normalized to Actin5C in larvae of the
genotypes indicated. Experimental scheme is indicated below. Values are mean ± S.D. from one representative experiment and statistically signiﬁcant differences were
indicated as ⁄⁄P < 0.001 and ⁄⁄⁄P < 0.0001. (B) The graph shows the percentage of larvae of the genotypes indicated that develop melanotic tumors. Total number of larvae
























































Fig. 4. dsap18mutants are sensitive to environmental stresses. (A) The graph shows the survival rate (%) at 25 C along time after fungal infection of adult ﬂies of the genotype
indicated. Error bars represent the standard deviation of three independent infection assays. Total number of ﬂies infected (n) of each genotype is indicated. ⁄⁄⁄ denotes
statistically signiﬁcant differences (P < 0.0001) at 5 days after infection (B) crosses of dsap18HA/Cyo;dsap18117/TM6b and Df(3R)sbd45/TM6bwere allowed to lay eggs on normal
food containing 0.2 M NaCl and offspring of the different genotypes indicated were counted and presented on the graph as percentages of total number of enclosed ﬂies (191
individuals). Error bars indicate 95% conﬁdence intervals. The number of enclosed ﬂies either expressing (125) or not (66) the dsap18 transgene are different than the
expected frequencies (v2 test for goodness of ﬁt P = 0.00002).
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stresses
The microarray assays reported above (Section 3.1) showed
that not only heat shock genes but also genes involved in re-
sponse to other stresses were misregulated in dsap18 mutant em-
bryos (File S1). To determine if dSAP18 plays a general role in
stress responses we have analyzed the susceptibility of dsap18
mutant ﬂies to other environmental stimuli, such as infection
and osmotic stress.
To study the contribution of dSAP18 to the defense responses
against microbial infections, we compared the effects of a simple
injury performed with a sterile standard needle to injuries per-
formed with needles contaminated with Gram-negative bacteria
(E. coli), Gram-positive bacteria (M. luteus) or fungi (A. fumigatus).
Adult ﬂies were used in these assays since clean injury led to
uncontrolled melanization in 20% of dsap18 mutant larvae (data
not shown). Our assays showed that dsap18 mutant ﬂies were lar-
gely wild-type when infected with either E. coli or M. luteus (data
not shown) but they were more susceptible to the fungus A. fumig-
atus than control ﬂies (Fig. 4A). The survival rate 5 days after infec-
tion was 20% lower than the survival rate of control ﬂies, even
though it was more elevated than the one observed for Tollmutant
ﬂies (Fig. 4A).
Finally, dsap18mutants showed a strong susceptibility to osmo-
tic stress. The viability of dsap18mutant ﬂies was strongly reduced
when placed on high-salt medium containing either 0.2 M or 0.5 M
NaCl (data not shown). Moreover, when crosses were placed on
0.2 M NaCl medium, almost no eclosed ﬂies of the mutant
dsap18117/Df(3R)sdb45 genotype were obtained (2% of the offspring)
whilst lethality was totally rescued by the presence of the dsa-
p18HA transgene (Fig. 4B).
Complex interactions between osmotic and immune responses
have been previously reported in C. elegans [19] and D. melanogas-
ter [20]. On the other hand, a previous study on cross-tolerance be-
tween mild stresses and fungal infection in D. melanogaster
reported that heat pretreatments do not increase resistance to
infection by the entomopathogenic fungus Beauveria bassiana
[21]. We have shown here that elevated levels of heat shock genes
early in development do not protect ﬂies against the fungus A.
fumigatus; on the contrary, the correlation, if any, is a negative ef-
fect on survival after infection, but further analyses are needed to
characterize the relationship between heat and infection hypersen-
sitivity of dSAP18 mutant ﬂies.
Our results clearly show that heat, immune and osmotic re-
sponses require dSAP18 but we do not know at present whether
there is a common step on the different responses that require
dSAP18, or if the different responses involve similar mechanisms
with common players. Since SAP18 has been shown to be a com-
ponent of the Sin3-HDAC complex and we show here that
dSAP18 is associated with puffs and is involved in the regulation
of the expression of heat shock and immune-related genes, it is
tempting to speculate that dSAP18 could play a role in chromatin
structure modulation of stress inducible genes. Moreover, in this
study we have found that stress-induced genes are either up or
downregulated in dsap18 mutant animals. Interestingly, it has
been reported that the histone deacetylase Rpd3p is required in
yeast cells for proper expression of both induced and repressed
genes under multiple stress conditions [22]. Thus, dSAP18 could
play a role in dynamic, signal-dependent, modulation of the
chromatin structure of stress-inducible genes that results in
either activation or repression of gene expression depending on
the promoter.
In conclusion, dSAP18 is required for the expression of immune
and stress related genes and dsap18 mutant animals are hypersen-sitive to several environmental stresses. Altogether, our
results indicate that D. melanogaster SAP18, a highly evolutionarily
conserved protein, is required for transcriptional responses to
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